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ABSTRACT: Evidence for nudibranch molluscs is presented which shows a clear relationship between egg-size and develop-
mental mode (planktotrophic, lecithotrophic and direct development), egg-size and development time, and thereby larval
strategy and development time. Egg-to-juvenile periods differ significantly according to strategy, with lecithotrophic pelagic
development being the briefest, and planktotrophic development the longest. In addition, support of the lecithotrophic strategy
necessitates a greater absolute calorific threshold on the part of the adult than does the planktotrophic strategy. It is proposed that
for a given species there is an optimal time to spawn (when standing crop is at a peak) and an optimal time for the larva to settle.
While accepting that in selecting for a particular strategy a compromise must be struck between such mediating factors as total
and relative energy demand on the adult, egg numbers, individual probabilities of larval survival, and especially dispersal
requirements, the settlement-timing hypothesis may be instrumental in resolving some paradoxical situations. Thus, for
example, a species in which two or more alternative strategies appear supportable, in energetic terms, may select that strategy
which appropriately ‘bridges’ the period between the optimal time to spawn and to settle.

INTRODUCTION integral part of the settlement-timing hypothesis
which purports not to explain why every benthic
In a series of comparative studies of the life cycle and marine invertebrate species has adopted a particular
reproductive strategies of ecologically proximate strategy, rather how development time may be the
species pairs (Menge, 1974, 1975; Grahame, 1977; balancing or determining factor in instances where
Todd, 1979a) with contrasting larval types, no single two or more strategies appear optional in energetic
deterministic feature, which predicts selection for one terms.
or other strategy, is discernible: each situation presents The analytical models outlines by Vance (1973a, b)
a ‘special case’ appearing explicable in specific terms. have been subject to much subsequent argument (e.qg.
The adoption of a given larval strategy presumably Underwood, 1974; Vance, 1974; Steele, 1977; Strath-
results from selective pressures on a wide range of mann, 1977; Turner and Lawrence, 1979; Todd, 1979a).
factors, including absolute and relative levels of One of their greatest inadequacies lies in not account-
energy available for reproduction, the advantages and ing for the different egg-to-juvenile periods rep-
disadvantages of larval dispersal, egg size and num- resented by the basic planktotrophic, lecithotrophic
bers, individual probabilities of larval survival, etc. and direct (non-pelagic) strategies. The present paper
We present here evidence for nudibranch molluscs presents an intuitive model which is based upon the
which demonstrates a clear relationship between egg concept that in conditions of seasonally varying
size, development time and larval type; factors which resources there is an optimal time for a given inverte-
are comparatively inflexible variables in the fitness brate species to reproduce, and an optimal time for the
equation which must be maximised. These form the larva to settle. In cases where two or more larval

strategies appear to be energetically supportable by
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- that species (e.g. Todd, 1979a) selection ought to
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Supportive data are presented from studies of North
Atlantic nudibranchs, a group which encompasses a
wide range of ecological associations and larval types
and strategies. Specifically, observations on the bryo-
zoan-grazing dorid nudibranchs Onchidoris muricata
(Miller) and Adalaria proxima (Alder and Hancock),
and the barnacle predator Onchidoris bilamellata (L.)
are discussed. Annual species, such as these, with no
overlap of generations and a single, discrete, breeding
season are felt best suited to testing this hypothesis:
such semelparous invertebrates are likely to display
highly adapted modes of reproduction since total
reproductive failure throughout the species’ geo-
graphical range cannot be tolerated within any one
year.

Onchidoris muricata and Adalaria proxima are
largely intertidal and prey upon a wide range of Bryo-
zoa, but especially Electra pilosa (L.). Juveniles are
first detectable in the field in June and reproduction
commences in February, terminating in May and peak-
ing in mid-March (Todd, 1979a). O. muricata repro-
duces by means of small (90 um) eggs which hatch as
poorly-developed planktotrophic veligers. The extent
of the pelagic phase is unknown, but is estimated to be
of some 60 d duration at ambient temperatures (Todd,
1979a). A. proxima, by contrast, reproduces with larger
(180 um) eggs hatching as well-developed lecitho-
trophic veligers which are pelagic for only 24-48h
prior to settling on live Electra {Thompson, 1958).

Onchidoris bilamellata preys upon a number of sym-
metrical barnacle species but in view of its largely
intertidal distribution is primarily associated with
Balanus balanoides (L.). Spawning commences in late
December/early January, peaking in mid-January and

terminating in April. The small (100 um) eggs hatch as
planktotrophic larvae which require an extended
period of pelagic feeding to complete development
and metamorphosis. Laboratory-cultured veligers
metamorphosed only in the presence of live barnacles
(Todd, 1979b, ¢) and no intermediate diet was inferred.
In view of the small size of O. bilamellata at metamor-
phosis (0.5 mm) it is apparent that only post-
metamorph barnacles are sufficiently small to be eaten
(Todd, 1979b). We suggest, therefore, that the predator
must time its reproduction so that settlement of post-
metamorph dorids is coincident with spat fall of B.
balanoides in April/May. The reproductive strategy of
O. bilamellata thus must be timed to meet a specific
settlement deadline in order to key into the seasonal
availability of its exclusive food resource, and it is this
that the settlement-timing hypothesis attempts to
resolve. In this context it is important to note that the
prosobranch dogwhelk Nucella lapillus (L.) — a poten-
tial competitor — reproduces by means of a lecitho-
trophic, non-pelagic, strategy.

MATERIALS AND METHODS

All analytical methods have been outlined in previ-
ously published accounts (Todd, 1979a, b). Briefly,
calorific determinations were obtained from freeze-
dried materials combusted in a Phillipson Oxygen
micro-bomb calorimeter: all values quoted are mineral
ash-free. Embryonic development-time observations
for Onchidoris bilamellata were made on laboratory-
spawned egg-masses maintained in incubators at
4°-5°C (n = 17), 7°C (n = 10), 10°C (n = 6), 16°C
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Fig. 1 Onchidoris bilamellata. Arrhenius plots for development times to 4 selected embryonic stages. The mean slope of 2.34 was
used as Q, for subsequent analyses



Todd and Doyle: Settlement-timing hypothesis 77

(n=1) and 19°C (n = 3). All egg-masses were
observed daily, and a total of 16 recognisable stages
(from 1st cleavage through to hatching) noted.
Arrhenius plots from least squares regression analyses
are presented for these 4 stages in Figure 1. From the
mean value for these 4 data-sets a Q,, of 2.34 was
derived for application to published data for a range of
nudibranch species. For comparative purposes the var-
lous development-time data have been standardised to
10 °C using this Q;q value. In order to estimate the
development time at 10 °C from another temperature
the relationship

Rate, . ,, = Rate, - , -
where ¢, = 10 °C, is utilised.

100.034(& - &)

RESULTS
Egg Size and Development Time

Figure 1 presents the development-time data for
embryogenesis of Onchidoris bilamellata over a range

of temperatures from 4°-5 °C to 19 °C. Least squares
regression analyses of the semi-log reciprocal plots
show a distinct relationship between temperature and
development time although development at the lowest
temperature was disproportionately slow The four
regression coefficients ranged from 2.12 to 2.61, and
hence the mean value of 2.34 has been selected for
subsequent analyses.

Development times, at various temperatures, for 30
species of nudibranchs have been collated from the
literature (Table 1) and 'corrected’ to a standard 10 °C
utilising the Q;, of 2.34 (Fig. 2). Only North Atlantic
(mostly European) species, and only those for which
reliable measurements of egg diameter and regulation
of experimental temperature were reported, have been
utilised. Typically, for boreal nudibranchs, the major-
ity of species (20) have long-term pelagic plankto-
trophic larvae while fewer (7) have short-term pelagic
lecithotrophic larvae, and yet fewer still (3) have tot-
ally benthic development with vestigial, intracapsular,
larval stages. Note that Tenellia pallida (A. & H.),
which may undergo metamorphosis of the lecitho-

Table 1. Numeration of nudibranch species and sources of data for data points in Figure 2. References marked with an asterisk
are reviewed in Thompson (1967); others are cited in the reference list below. P: long-term pelagic planktotrophic larvae; L:
short-term pelagic lecitrophic larvae; D: totally benthic development

Species Larval type Remarks Authority

1. Eubranchus exiguus (A. & H.) P Kress, 1972

2. Coryphella lineata (Lovén) P Miller, 1958"

3. Acanthodoris pilosa (Miiller) P Miller, 1958

4. Tritonia plebeia Johnston P Thompson, 1967; pers.
5. Tergipes tergipes (Forskal) P (= T.despectus) Tardy, 1964

6. Facelina coronata (Miiller) P (= F.auriculata) Thompson, 1967

7. Doto coronata (Gmelin) P Schmekel & Kress, 1977
8. Eubranchus cingulatus (A. & H.) P Kress, 1972

9. Tenellia pallida (A. & H)) P/L See text Eyster, 1979

10. Onchidoris muricata (Muller) P Miller, 1958

11. Eubranchus pallidus (A. & H.) P Kress, 1972

12. Catriona aurantia (A. & H.) P Kress, 1972

13. Eubranchus farrani (A. & H)) L Personal; Kress, 1972
14. Doto coronata agg. (Gmelin} P Species uncertain Thompson, 1967

15. Polycera quadrilineta (Miiller) P Thompson, 1967

16. Doto pinnatifida (Montagu) P Schmekel & Kress, 1977
17. Hero formosa (Lovén) P Thompson, 1967

18. Onchidoris bilamellata (L.) P This paper Personal

19. Doto fragilis (Forbes) P Schmekel & Kress, 1977
20. Precuthona peachii (A. & H.) L/?P See text Christensen, 1977
21. Jorunna tomentosa (Cuv.) P Biennial lifecycle Miller, 1958
22. Eubranchus doriae (Trinchese) L Tardy, 1962
23. Archidoris pseudoargus (Rapp) P Biennial lifecycle (eggsize Miller, 1958

requires confirmation)

24. Cuthona nana (A. & H)) L/2P See text Harris et al., 1975
25. Dendronotus frondosus Ascanius L Miller, 1958*
26. Tritonia hombergi Cuv. L Biennial lifecycle Thompson, 1962°
27. Adalaria proxima (A. & H.) L Thompson, 1958
28. Coryphella stimpsoni (Verrill) D Morse, 1971
29. Aeolidiella alderi (ocks) D (= Eolidina alderi) Tardy, 1962°
30. Cadlina laevis (L.) D Thompson, 1967
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trophic veliger within the egg-capsule (Eyster, 1979)
has been included in the lecithotrophic category. The
data pertaining to Precuthona peachii (A. & H.) and
Cuthona nana (A. & H.) are somewhat enigmatic in
that these species may be synonymous and, further-
more, switching of egg size and larval strategy (as in
Tenellia) may occur. Although the veliger of
Archidoris pseudoargus (Rapp) is undoubtedly plank-
totrophic the reported egg size has resulted in a poss-
ible misclassification in Figure 2: these measurements
clearly require confirmation.
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Fig. 2. Capsular development time for a range of North
Atlantic nudibranch species, ‘corrected’ to 10 °C (see text).
For species identities and authorities consult Table. 1. The
‘lecithotrophic’ forms hatch as briefly swimming veligers
while the ‘direct’ forms hatch as benthic juveniles

Three significant factors are apparent from the data
presented in Figure 2. Firstly, there is a distinct,
approximately linear, relationship between egg size
and larval {or developmental} type, and thereby be-
tween larval type and development time. That a causal
relationship exists between egg size and larval type
amongst marine invertebrates is a well established
principle (e.g. Thorson, 1946, 1950; Ockelmann, 1965;
see also Hermans, 1979 and Turner and Lawrence,
1979, for recent reviews) while a relationship between
egg size and development time has been the subject of
much recent argument (see ‘Discussion’). Note that the
data in Figure 2 include only the intra-capsular
development periods: consideration of the additional
pelagic phase of planktotrophic and lecithotrophic lar-
vae is given below.

Optimal Spawning Time

Fecundity is generally a function of individual body
size, and thence of standing crop for populations. It is
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Fig. 3. Onchidoris hilame/lata. Population data for the 1976/

77 genecration at Cowhling Scar, Robin Hood's Bay, North

Yorkshire, UK. Bars (b) indicate ranges of body lengths. Data
from Todd (1979b)

to be anticipated, therefore, that overall fitness be
maximised by reproduction coinciding with peak
biomass at a time near to that at which reproduction is
necessary. The interaction between individual growth
and population mortality-rates may result in a standing
crop remaining constant with time, or ‘peaking’ at one
or more time{s). The most complete data for a nudi-
branch species concern Onchidoris bilamellata (Todd,
1979b, ¢): Figure 3 summarises the growth and mortal-
ity of an intertidal population at Robin Hood's Bay,
North Yorkshire in 1976/77. Mortality followed a
density-dependent exponential function {Fig. 3a) with
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the number of individuals surviving to reproduce from
January to April 1977 being a small fraction {< 1 %) of
those initially recruited. Body size increased linearly
throughout the season (Fig. 3b), peaking in January/
February. Conversion of individual body lengths to
damp weight from a power curve regression

(log.y = log, 0.00013 + (2.797.log,x), r = 0.990; n =
88; p < 0.001.) showed mean body weight to increase
with a corresponding curve function {Fig. 3b), and
monthly standing crop to display 3 peaks (Fig. 3c). The
maximum biomass, recorded in July/August, was con-
siderably greater than the two subsequent peaks
owing to the initially high density of juveniles. It can
be seen, however, that mortality is such that standing
crop would never subsequently exceed the January/
February peak and that this is the optimal time for
spawning. Spawning was well under way by January
19, 1977, but had not yet commenced on December 21,
1976.

The task to be resolved by the nudibranch, as a
specialist predator of Balanus balanoides, is to
synchronise the settlement of its larvae to settlement of
its prey barnacle since adult barnacles are too large to
be attacked by post-metamorph O. bilamellata (pers.
obs.). Juveniles encountering B. balanoides before the
spring spatfall in April/May will starve, as will those
settling too long after B. balanoides, which will have
grown into a size refuge. For O. bilamellata, therefore,
there is both an optimal time to spawn and to settle,
between which lies a period of some 13 weeks — a gap
which must be bridged by either a pelagic larval, or
totally benthic, reproductive strategy. Moreover, the
settlement target time is not fixed: B. balanoides peak
settlement is subject to annual and geographical varia-
tion of up to several weeks (see 'Discussion’).

Egg-to-Juvenile Periods in Relation to Larval Strategy

Successful larval culture of the long-term plankto-
trophic veliger of Onchidoris bilamellata (in prep.) was
achieved at Menai Bridge, UK. The larva hatches as a
typical, poorly-developed veliger with a small foot, no
propodium and no eyes. Larvae were reared at 15 °C in
UV-sterilised, 0.2 um filtered seawater in 2001 bins
and fed a mixture of flagellates (Tetraselmis sp.,
Rhodomonas balthica and Pavlova lutheri [Droop]) at a
total concentration of 100 cells ul~!. No antibiotics
were necessary. The competent pediveliger, with eyes
and a large propodium, was attained after 32 d and the
stimulus to metamorphose has been shown to be the
presence of live barnacles (adult Chthamalus stellatus
[Poli], Elminius modestus Darwin and Balanus
balanoides were used). Correction of the duration of
the pelagic larval phase to ambient field temperature

(x = 6°C), using the Q;, 2.34, indicates an actual
pelagic life of 69 d. This, added to the observed embry-
onic development time of 39 d at field temperatures,
gives an egg-to-juvenile period of 108 d. Laboratory
and field observations of spawning of O. bilamellata
(Todd, 1979b, c) have shown that peak spawn produc-
tion occurs in mid-January. Thus, the planktotrophic
strategy adopted will result in peak settlement
amongst Balanus in early May (Fig. 4), the time at
which B. balanoides cyprids are settling in the in-
tertidal.
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Fig. 4. Onchidoris bilamellata. Upper half: planktotrophic

strategy and peak settling in late April/early May. Lower

half: projected peak settlement times if the direct (400 um

eggs) and lecithotrophic pelagic (180 um eggs) strategies
were adopted

The question as to whether or not the lecithotrophic
pelagic, or direct (non-pelagic) strategies might suffice
for Onchidoris bilamellata is best considered in rela-
tion to the development of two closely related interti-
dal dorid species, Adalaria proxima and Cadlina
laevis, all three being sympatric. As has been previ-
ously noted (Todd, 1979a) in considering the larval
strategies of Adalaria proxima and O. muricata, the
lecithotrophic strategy appears to confer the shortest
egg-to-juvenile period (A,;B; Fig. 5). A. proxima eggs
(180 um} require approximately 49 d to hatch at 7 °C
and the lecithotrophic veliger may be pelagic for only
24-48 h before settling (Thompson, 1958). Conversely,
Cadlina eggs (400 um) — which undergo vestigial lar-
val stages within the capsule - require approximately
50 d at 10 °C to complete their development and hatch
as juveniles (Thompson, 1967). Application of the Q,,
2.34 predicts the total embryonic phase of Cadlina in
the field (x = 6 °C) to be of some 71 d duration, while
that for Adalaria (x =6 °C) to be 55d. Thus, if O.
bilamellata were to adopt the lecithotrophic strategy
with 180 um eggs, and peak spawning in mid-January
(January 15), peak settlement would occur around
March 11 (Fig. 4). Similarly, if the non-pelagic strategy
with 400 yum eggs (such as Cadlina produces) were
adopted, peak hatching (= settlement) would occur
around March 27. Both of these dates are considerably
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Fig. 5. Schematic representation of settlement-timing

hypothesis. Two hypothetical species share the same settle-

ment target but the larger species has a later optimal time to

spawn. Due to the brevity of the time gap (A,B) the larger

species adopts a lecithotrophic strategy in spite of the fact that

it could also support the planktotrophic strategy. The smaller

species is forced into planktotrophy (A,B) for both temporal
and energetic reasons

earlier than the target of May 3, when Balanus
balanoides is settling. Thus, for nudibranchs at least,
the 3 fundamental developmental types incur egg-to-
juvenile periods sufficiently different that they are not
interconvertible in analytical models (e.g. Vance,
1973a, b). The lecithotrophic strategy offers the briefest
egg-to-juvenile period (A,B; Fig. 5), while planktotro-
phy is the longest (A;B; Fig. 5), and direct develop-
ment intermediate. Thus, while accepting the import-
ance of other factors - such as larval dispersal
capabilities or requirements, total energetic demand
on the adult, individual probabilities of larval survival
and numbers of eggs producible — it may be that a
particular strategy is adopted in a specific instance in
order to provide best timing of settlement after
spawning.

Larval Strategy and Reproductive Eifort

Menge (1974, 1975) concluded that brooding of large
lecithotrophic eggs and non-pelagic development by
the intertidal asteroid Leptasterias hexactis is a co-
adaptive consequence of competition-induced small
size. The much larger Pisaster ochraceus disperses
large numbers of small pelagic eggs which develop as
long-term planktotrophic larvae and which are pro-
posed to serve in colonising disjunct habitats of higher
quality prey. Grahame (1977), on the other hand,
invoked r-K selection theory to explain the relatively
high energy demand, planktotrophic strategy of the
small intertidal prosobranch Lacuna vincta as opposed
to the relatively lower energy demand, direct (lecitho-
trophic) strategy of the slightly larger Lacuna pal-
lidula. Similarly, energy considerations, and differ-

ences in relative energy demand were implied by
Todd (1979a) in rationalising the planktotrophic
strategy of the intertidal nudibranch Onchidoris
muricata against the lecithotrophic strategy of its
slightly larger, potential competitor Adalaria proxima.
For these two pairs of species the lecithotrophic
strategy necessitates a higher absolute energy
threshold (Fig. 5). For example, Adalaria was con-
cluded to have opted for lecithotrophy, with its higher
probabilities of individual larval survival, rather than
planktotrophy, thus offsetting or dampening the
unpredictability of energy available to individual
adults for reproduction. The smaller O. muricata, how-
ever, is apparently forced into planktotrophy since this
species cannot attain the absolute calorific threshold
necessary to support the lecithotrophic strategy — in
spite of outputting up to the equivalent of its own body
calories in spawn and making the higher relative 'ef-
fort'.

Returning to Onchidoris bilamellata, it is apparent
from the above observation on O. muricata (24-54 cal
pair™!; Todd, 1979a) and A. proxima (50-100 cal
pair‘l; Todd, 1979a) that in absolute calorific terms the
lecithotrophic strategy would be clearly supportable
by O. bilamellata (1715-2699 cal pair~!). Although
energetic data are lacking for reproduction in Cadlina
laevis (non-pelagic), it is certain that O. bilamellata
will exceed the absolute and relative calorific output of
this species by at least an order of magnitude (pers.
observ.). The paradox of O. bilamellata selecting for
planktotrophy rather than non-pelagic development,
as shown by Nucella lapillus, or pelagic lecithotrophy,
does not simply relate to energetic considerations: we
propose that the differential egg-to-juvenile time
periods conferred by the differing developmental
modes are of primary importance here (Figs 4 and 5).
Thus, adults of those species that can attain only the
planktotrophic threshold have no option; persistence
of these species depends upon whether or not the egg-
to-juvenile period can be fitted to the time gap conferr-
ed by the optimal time to spawn and the settlement
target. Conversely, those species which can attain the
(higher) lecithotrophic and/or direct {(non-pelagic)
thresholds have the potential to reproduce in one of 2
or 3 ways, selection going to that strategy which best
bridges the gap.

DISCUSSION

With the inclusion of the above data for nudibranch
molluscs there is now an overwhelming body of data
(for review see Steele, 1977, Strathmann, 1977) which
shows a clear relationship between egg size and
development time amongst marine invertebrates. In
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this respect, Underwood's (1974) major criticism of
Vance's (1973a, b) models of reproductive strategies is
quite unjustified. Underwood presented regression
analyses of developmental period on egg size for a
range of prosobranch species, reported by Thorson
(1946), which showed no significant correlation: an
unsurprising result since the data were not standard-
ised to uniform temperature. Undoubtedly, the present
analyses (Fig. 2) will include a small intrinsic error, in
that standardisation for a range of egg sizes and larval
types has been effected using a single Q,, determina-
tion of the effect of temperature on development time
for a planktotrophic species. Indeed, Vernberg and
Costlow (1966) showed changes in the Q,, of oxygen
consumption of two larval, and the postlarval, stages of
several species of the decapod genus Uca. Further-
more, they observed different respiratory responses of
megalopa larvae of two temperate Uca spp. from a
range of latitudinal regions. Since, however, in the
present case we are concerned with the gross temporal
differences in egg-to-juvenile periods conferred by the
three reproductive strategies, such error is not consid-
ered to be important. From these observations of a
direct relationship between egg size and develop-
mental period, and between egg size and larval type, it
follows that the observed differential egg-to-juvenile
periods are to be anticipated. The ecological signifi-
cance of especially this latter feature is further
emphasised by the fact that in most species egg size
within and between individuals is comparatively
invariate: that is, genetic fixation of egg size has con-
sequently rigid implications on the time required to
attain the juvenile status.

Environmental temperature is an important element
of this hypothesis for two major reasons. Firstly, a
species opting to spawn at a given time of year will be
confronted by a more or less specific range of tempera-
ture with concomitant effects on development time.
From the above analyses it is apparent that the sim-
plest manner in which the species might adjust the
egg-to-juvenile period is by altering egg size (which is
genetically fixed) and thereby larval strategy. Indeed,
a few instances of switching of egg size and larval
strategy have been observed for a wide range of
invertebrates, especially polychaetes (e. g. Rasmussen,
1973; Curtis, 1977) and opisthobranchs (Harris et al.,

*1975; Clark and Goetzfried, 1978; Rivest, 1978; Clark
et al., 1979; Eyster, 1979). In the present context, how-
ever, of greater relevance are the observations of
strategy switching in some molluscs not by means of
altering egg size but in the variable provision of extra-
zygotic yolk. Thorson (1946) found that the proso-
branch Natica catena (da Costa) varies between non-
pelagic and pelagic (planktotrophic) development due
to respectively high and low numbers of ‘nurse-eggs’

associated with the encapsulated embryo. Similarly,
Clark et al. (1979) showed that developing embryos of
the sacoglossan opisthobranch Elysia cauze Marcus
are provided with additional nutrition from a granular
yolk-ribbon ramifying the egg mass. Development var-
ied seasonally between planktotrophy (spring),
lecithotrophy (summer), and direct development
(autumn) according to variable utilisation of the yolk
ribbon. Evidently, these are instances of the species
attempting to abbreviate the otherwise prolonged
capsular developmental period by means of extra-
zygotic yolk rather than producing larger, more slowly
cleaving (Jagersten, 1972) yolky eggs.

Secondly, environmental temperature has an impor-
tant seasonal effect on development rates of boreal or
temperate invertebrates. Most species reproduce in
spring (Thorson, 1946) when ambient temperature is
rising, albeit slowly. The later produced eggs and
larvae will therefore experience somewhat higher
temperatures and correspondingly decreased develop-
mental time. The net result will be a 'telescoping’ of
the reproductive phase from a more or less extended
period of egg laying such that larvae competent to
settle occur together. Conversely, species spawning in
autumn/early winter would be subject to decreasing
temperatures and a corresponding temporal dispersion
of settling larvae, which within a few generations
could lead to a total breakdown of synchrony of indi-
viduals within a population.

That a given species has an optimal settlement
target date might be open to various interpretations.
Certainly, in the case of Onchidoris bilamellata
described here, this appears to be a valid concept.
Peak settlement of the major prey organism, Balanus
balanoides, does not, however, occur at a fixed date
even for a particular locality. Liberation of nauplii by
B. balanoides often occurs in several peaks and the
timing is unpredictable within a few weeks (Barnes
and Barnes, 1954; J. R. Lewis, pers. comm.). Settlement
of cyprids often occurs similarly in several 'waves’,
separated by up to 14 d, over the period April-June
though the major spatfall occurs in late April/early
May. Within the U.K. there is an approximate cline of
earlier naupliar release and cyprid settlement from the
southwest to the northeast. Even within this general-
isation, however, the timing of cyprid settlement is not
invariable at any fixed locality (J. R. Lewis, pers.
comm.) and in this respect comparative data for popu-
lations of O. bilamellata in Cornwall would be most
valuable. At the northern limits, B, balanoides spatfall
occurs as late as July—August in Spitzbergen (Barnes,
1957). Significantly, the southern limits of distribution
of O. bilamellata and B. balanoides are coincident on
the French Atlantic coast (Bouchet and Tardy, 1976).
Thus, the settlement target of O. bilamellata, although
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precise in nature, is somewhat unpredictable in time.
For this reason the ability for the pediveliger of O.
bilamellata to delay metamorphosis might be of para-
mount importance.

Addlaria proxima

2gq larva
I |
a9d(3,7°%) :la
[ march [ apri I may [ june |
ndia,5%) 654d(%,7°C) [
! > |
eqq larva

Onchidoris muricata

Fig. 6. Adalaria proxima (lecithotrophic, pelagic) and

Onchidoris muricata (planktotrophic). Data from Todd

(1979a) showing the differing optimal times to settle for these

two species, which preferentially graze the same prey Bryo-

zoan Electra pilosa. In these cases, the species share the same
optimal time to spawn in mid-March

Whereas Onchidoris bilamellata is subject to prey
size constraints at the initial juvenile stages, the bryo-
zoan predators O. muricata and Adalaria proxima have
no such problems: the colonies of Electra are perennial
and the prey is present in the form of multiple indi-
viduals (polypides) of unit size, sufficiently small for
even juveniles to handle. If one were to invoke the
settlement-timing hypothesis to account for the dispa-
rate larval strategies of these two species (Figs 5 and
6), what might the settlement target be? The answer
may lie in the larger body size of A. proxima. Since
peak spawn output for both species is coincident in
mid-March (Fig. 6 and Todd, 1979a), A. proxima settles
some 4 weeks prior to O. muricata resulting in benthic
juvenile-adult phases of 10.5 and 9.5 months respec-
tively. Since A. proxima has a larger body size than O.
muricata (utilising the same prey resource) the earlier
settlement target date may simply relate to A. proxima
having to reoccupy the benthic habitat as quickly as
possible in order to maximise adult growth. Certainly,
in energetic terms, the planktotrophic strategy would
be easily supportable by A. proxima (Todd, 1979a). A
similar settlement target might be invoked for herbi-
vores of perennial algae, the grazers having to settle by
a specific date in order to attain a body size sufficient
to permit successful over-wintering.

It should be further emphasised that the total
developmental period is only one of many factors
important in reproduction and that a compromise must
be struck between the optimal larval type predicted by
the settlement-timing hypothesis and additional fea-
tures, notably larval dispersal. In this respect one is
confronted with a cause-effect syndrome whereby a

highly adapted overall reproductive strategy is to be
expected for extant species. The hypothesis does, how-
ever, provide a basis for helping to explain the adop-
tion of pelagic lecithotrophy rather than planktotrophy
by Adalaria proxima, and planktotrophy rather than
non-pelagic development by Onchidoris bilamellata.
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